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Electron Beam Trajectory in a
Photometer Ficld of View

i L

T 1. INTRODUCTION

From the incestion of the use of electron beams on scunding rocket flichts,
photometers have been used to measure the light produced bv the interaction of the
clectron beams with the gas surrounding the rocket pavioad. L2 Since the path ot

. an eloectron s oatfected by the earth's magnetic tietd, the measurable, the Lunminoesi o

Wothe heorn -oas interaction in the lield-of-view ot the photometer is also sindlar!

P P e .
LN "._‘.L.LL'J"' ,‘L PN

. drecte {, Karly experiments tried to minimize these effecis by making measure-
K ments close to the pavioad and with a regtricted feld-of -v,ew for the photometer.
C For meastrements awav trom the vehacle, and jor wide viewing angles, explici

. Cuicalarttoapas o narticie teegect s an the teld-of view of aorical devices are oo a2

- sy for chie chmning and it roretation b epe riments
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Figure 1. Geometrv of Flectron Gun ¢
and Photometer P Mounted on a Section
of the Rocket Bodv. The origin of the
coorainate svstem is at (i, the

z-distance from the gun to the photometer

d is
S

/B, /’
Q7P

In the x, v, z coordinate system shown in Figure 1, the gun G is located at the
origin, The photometer P is mounted at -0+ p cos 3, psin g3, -d. At any time t,
let a beam electron be lacated at x, v, z. It subtends angles 9\{ and (Jv at the

shotometer:

tan-l(x‘p-puosi). o

zZ r

y = p sin 3

f’v = tan ( ‘-—7—‘—(]——-L ) . (2)

In the special case 3 = 0, the photometer would be located directly below G

at distance d, (see Figure 2),
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Forouess 200 Geometey of Electron Gun G oand
Faotorp-ter Pout Anv Instant of Time,  Beam
cocotren subtends angles o oand oo
Phoorere e a :

che el aview of e photometer 12 aesigned 1o be limited, It is assumed
oot ie D DS crreudar Wit the center b AN and (e and radius o L An
g !

C rerc et s Uy i woni - he i the photometer field-o! -view if

- [ l_.';)xu(x;] . ()

e above e qualiny s not satished, the electron s outside the photomcter

R R T RN RS NA R

[ &

—_ P e

Porgnres B0 U e e

/

/

4

\ (a,(C).ey(C)) ex“"’ Angular Fietg-at =\ e
¢ Y R N e




3. ELECTRON TRAJECTORY -B COORDINATE SYSTEM

The luminosity of the beam atmosphere interaction measured in the photometer's
field-of-view is sensitive to the magnetic field orientation with respect to the beam
or rocket,

In the B system of coordinates as defined in Figure 4, the magnetic field l.:J
is parallel to the z axis, The vector ? is the initial beam velocity. The v axis
is defined as along zZ X T Thus, vlies in the z-x plane. The origin of the beam

is at x=0, y=0, z2=0,

follows:

where

x(t)
y(t) =

z(t)

v, -

Part of the electron trajectory mav move in or out of the field-of-view.

The equation of motion of a beam in the B svstem is as

R sin wt
R - R cos wt

V”t

B — System

R O W N S S =Y -"rv"‘T

POV PP

- -
2N BT

PP TR S NI 5§

(4)
]
]
Figure 4. B-Coordinate
Syvstem. DMNagnetic field B
is defined along z-axis
Y ]
3
¢
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and

where R is gvroradius, w is gvrofrequency, t is time, and \/" and \/_’L are the

velocity component parallel and perpendicular to the magnetic field respectively.

>
The enevgv E of the electron is reiated to the velocity V by E = 1/2 MV, where

Lk

Lash et e s o SEM A smndl 200 Jaf et

m is the mass of electron,
In the B svstem, the B vector is tixed, the \' vector varies but lies in the z-x

plane, and, as the rocket spins, the photometer look -angle varies with time.

%

4. ELECTRON TRAJECTORY-R COORDINATE SYSTEM

In order to study the electron trajectorv in the field-of-view of the photometer,

K'E

it is more convenient to define an R system of coordinates in which the photometer
Ly o d . I3 .

look-angle is alwavs fixed and the B vector varies with time. In the R system

N (see Figure 5), the z axis is defined as parallel to the rocket axis, y axis is in

radial direction, and x completes the right-handed system.

M in Figure 1,

z
\\
N v

]
I
| Figure 5. R Coordinate System.

P N The z-axis is parallel to
i rocket body axis. This is the
| same coordinate system used
|
I
|

-
At time t, let the magnetic field vector B be in arbitrary direction, defined by
pitch angle »(t) and azimuth angle ¢(t) in the R svstem (see Figure 5),
The equation of motion of a beam electron is obtained in the R system by an

orthogonal transformation from KEq, (4) in the B system,

i 2 " o o - PP G U AT T L GNP W G WU -G Yy Y -

.AAJ‘,‘A._‘L\I4IL,LAII “‘-n.)'
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are e firection cosines ot the i-th basis vector of the R svstem

" Fn"" ('-’ ‘
‘. . P . ’ .
“
=
-
o]
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I "o 5 0 Cross products, the transformation equation is as foliows:

jongr?
-
-
jospn
-
+
o
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~

v

z(t)
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In the special case when the magnetic field B lies in the plane of the initial

clectron beam direction and the rocket axis, the transformation equation becomes

Nis 0 1 0 x(t)
vt = SCOS 0 sin ¢ vi(t) (7)
zet) sin o 0 cos z(t)
R B
" where
}*I
f—; = (0, cos 4, sin 0) .

LUMINOSITY

The angular coordinates v and %?V of an electron as viewed by the photometer
are given by kigs. (1) and (2).
Using the orthogonal transformation equation, Eq. (4), one can write down the

angular coordinates (Figure 2), as viewed by a photometer lying at (0, 0, -d):

-1 x{t) - p - pcos
tan ( AR

@ 5ot
S

(8)
vit) - p sin 3

= tan” )
»,‘,(H = tan <_7?)__IT_I_)




a
n The electron would lie in the photometer field -of -view if Eq. (3) is satisfied
- (see Figure 31, Equivalentlv, let us define a function F(t):
Py s 2o Y - e - (¢ () - n m]“
' s P X v v !
i It Fg. (3) is satisfied. then the function F(t) is positive, (see Figures 6 and 7),
gy > 0, ()

7N

\\ Figure 6, Tvpical Behavior
S Function F(t), The beam
TIME —= L
electron is in rhe photometer

field-of -view during the period

(1 to [2

t ts

FUNCTION F (¢} —
(o]

ELECTRON
TRAJECTORY

Figure 7. Electron Beam Trajectory
in Photometer l'ield-of-View. The
beam entering field-of-view (dashed

circle) at t1 and leaves at t,

e e b cron inter et=owith a gas atom, or molecule, to create ionization or
co o ctreor e D inosity [(F) measured at the photometer is proportional to the
Cee s stare o the hiatanc e stt) of the eleetron from the photometer.

AR BN ~ I;, ';‘s®#t“_'l
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where N is a proportionalitv constant, \ is the velocity of the electron, and 0(E)
is the cross-section of ionization and excitation. It is assumed that no significant
energy loss (A E/E << 1) takes place along the beam while in the photometer field-

of -view, @ (x) is a step function:

®(x)‘ {1 ifx >0 .

0 if x <0
From Eq. (10), one obtains the geometric factor G as follows:

L(E) = N V(E) 0(E) G

where
« oy
G o= Z dt —-15——
=1 t,. s7(1)
2i-1

\ ) , 172
2 2 2
sty = [x7) - vT(t) r (z ¢ d)T)

-
When the initial velocity vector V of the electron is perpendicular to the mag-

-
netic field vector B, the beam forms a circular path. 7The condition is

B,V 0. (1
Every electron injected into the path would stav in the path and never propagate awav

(see Figure 8). ‘This is a nonpropagation mode. The luminositv [.(E) for this mode

. . -2 . .
is high, bhecause s 7(t) does not decrease with time,

MAGNETIC FIELD
8

Figure 8. Circular tilectron
ROCKET R : Cy s .
Irajectorv When Initial Klectron
Velocity is Perpendicular to
the NMagnetic Field

INITIAL  VELOCITY
OF ELECTRON

ELECTRON TRAJECTORY

i -

PP ST YU W S



The above condition agrees with the experimental result of Israelson and
Winckler‘3 who detected a substantial increase in photon tlux at 40’ pitch angle in

the Echo 2 rocket beam experiment,

6. SCEX ROCKET

* . .
As an example, for the SCEX rocket experiment the specifications of the

U

photometer on-board is given in Table 1,

Table 1. SCEXN Photometer Specifications

Photometer rotation angle ;3 =0
Photometer distance from gun (d) - 119 em
Center of field-of-view [”x(c), Hv(c)] = [0°, 20°]
Radius of field-of-view ‘?r = 15°

The condition of Eq. (11) for nonpropagation modes to exist becomes

sin 8 ¢cos ¢+ cos 4 = 0 (12)

where 6 and 0 are rocket pitch and azimuth angles. The solutions of Eq. (12) are
plotted in Figure 9,
In Figure 9, the pitch angle actually runs only from 0° to 180° because it is a

cone angle. The azimuth angle 4 at 180° is the same as -180° because it is a

rotation angle. Solutions exist only for a range of values of pitch angle,

Examples of electron beam trajectories as viewed at the SCEN photometer are W
presented in Figures 10 and 11, Three-dimensional plots of luminosity, for the
case of SCEX, as a function of 9 and ¢, are shown in Figures 12 and 13, The loca~ f-’:
tion of the spikes should fall on a continuous curve given in Eq. (12) (Figure 9) but “

computer calculation requires the use of grid points which are discrete., Therefore
the singularities do not look like a continuous wall, but appear as spikes. The

1900-e\ case gives a generally higher (about 2 to 3 times) luminosity than the A

f

Andad atnd ot abodedh

3. Israelson, (., and Winckler, J.R. (1975) Measurement of 3914-A light
production and electron scattering from electron beams artificially
injected into the ionosphere, .J. Geophys., Res. V&Q:No. 25:3700-3712,

%
NASA Rocket 27,045, launched on 27 Januarv 1982, from Churchill, Canada,

13
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Appendix A

Blockage of Field-of-View by the Horizon

The blockage of the field-of-view, for a wide angle photometer P, is deter-
mined by the horizon, For the geometry shown in Figure Al, the equation of the
horizon is

Yy = mx t+ c,
where

m = -tan g

c = p(secyg -1).

Figure Al, Blockage of
Photometer Field-of-View
by the Horizon
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This determines the maximum g3, (see Figure A2),
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Figure A2, Solution of
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